Crosstalk is probably one of the main perceptual factors contributing to perceived image quality and visual comfort. The Video Quality Experts Group (VQEG) within their 3D video quality project is specifying a practical measurement procedure that will produce consistent results across laboratories. This paper is part of that effort. Two different method of measuring cross talk on shutter glasses stereo displays have been studied. One is based on time average luminance measurements and the other on temporal measurements. The results show that crosstalk is roughly 0.5% but that there are differences in the crosstalk between the two eyes in the shutter glasses.
Introduction
The last year a number of 3DTV sets have been introduced to the market by almost all the major TV manufacturers. The preferred solution for presenting stereoscopic 3D has been to use shutter glasses. With the increase of the number of systems, the need to characterize their performance in a consistent and meaningful way increases.
Crosstalk is, as defined by Seigel (2001)[1], the electrical or optical mixing of left-and right-eye image channels. Crosstalk is according to Meesters et al (2004) [2] probably one of the main perceptual factors contributing to perceived image quality and visual comfort. They also pointed out that crosstalk is highly dependent upon the type of stereoscopic system used. For autostereosopic displays, it has also been shown that certain amounts of crosstalk may be desirable to reduce ghosting and view flipping [1, 3] but as pointed out by Lambooij et al [3] the optimal amount of crosstalk for those types of displays is still an issue of debate. In this paper, we are focusing on stereoscopic displays.
The Video Quality Experts Group (VQEG) is a group of experts from various backgrounds and affiliations, including participants from several internationally recognized standardization organizations, working in the field of video quality assessment [8] . One of their ad-hoc projects is targeting 3D video quality. The current plan is the performing of a multi-laboratory perceptual crosstalk video quality experiment. As part of the effort it is important to physically measure the crosstalk characteristics of the display systems in the different laboratories. The plan is to use mainly display systems with shutter glasses, which will be also in the focus of this paper. The goal is to specify a practical measurement procedure that will produce consistent results across laboratories.
In this paper, we first identify sources of crosstalk on shutterglasses systems based on continuous temporal measurements. Then we describe a crosstalk measurement method using averaging calibrated luminance meters. The consistency of this method is finally tested during a measurement campaign involving two different display models in three different labs. 
Temporal Crosstalk Measurement
In order to identify crosstalk and understand which parameters affect it, we have performed temporal luminance measurements of the display alone as well as through the shutter-glasses, using the set-up as shown in Figure 1 . The high sampling rate of these measurements permited us to characterize the temporal transmittance of the glasses and to synchronize it with the temporal response of the display. This knowledge was then used to identify the potential sources of crosstalk and to determine a measurement set-up and protocol using usual luminance-meters.
The temporal luminance measurements were performed with a Burr-Brown OPT101 monolithic photo-diode with an on chip trans-impedance amplifier. It has a fast response (28 µs from 10% to 90%, rise or fall time). The signal was read by an oscilloscope with a sampling period of 20 µs (sample frequency of 50 kHz). When measuring the display luminance directly, the photo-diode was positioned in contact with the screen surface. When measuring the luminance through one glass, the photodiode and the glasses were put together and positioned as close to screen as possible.
Signals used were RGB signal with the same value for the three channels in each frame. In the rest of this section, signals will be identified by ‫,ܴ݉݊ܮ‬ where ݊ is the gray value of the left view and ݉ the gray value of the right view. Figure 2 presents some examples of waveforms. On the left plot, ‫0ܴ0ܮ‬ (black), ‫552ܴ0ܮ‬ (green) and ‫552ܴ552ܮ‬ (magenta) have been measured directly on the display. On the right plot, ‫0ܴ552ܮ‬ has been measured through the left glass (red) and ‫552ܴ0ܮ‬ has been measured through the right glass (blue).
Shutter Glasses Measurements

Synchronization
The shutter-glasses of the Nvidia 3D Vision system used in this paper were synchronized with the display using a dedicated USB IR emitter. By measuring simultaneously the luminance emitted by the display and the luminance passing through the glasses, we have been able to synchronize display and glasses waveforms. The same temporal axis (thus reflecting this synchronization) has been used on Figure It can be observed that the glasses shutter is synchronized with respect to the end of the display frame period. More precisely, the glass is switched to opaque mode when the luminance emitted by the display begins to change. It can also be observed that the opening of the glasses is quite short, with duration at half maximum of about 2.6 ms (one third of the frame period). Thus the glasses are open when the update of the displays pixel is supposed to be finished and when the display luminance is the highest and the closest to the desired final level. 
Transmittance
The temporal transmittance of the glasses is defined as the ratio of luminance which passes through the glasses as a function of time. It can be estimated from the measurements as follows:
where ܶ and ܶ are the transmittance functions of left and right shutters respectively, and ‫ܯ‬ ௦ identifies the waveform measured through left glass (if ܽ ൌ ݈), through right glass (if ܽ ൌ ‫,)ݎ‬ or directly on the display (if ܽ ൌ ݀), while the screen displayed the signal identified at the subscript position. For example ‫ܯ‬ ோଶହହଶହହ is the waveform measured through the left glass while the screen displayed signal ‫552ܴ552ܮ‬ (white frames on both views). Figure 3 illustrates both transmittance functions.
From these temporal transmittance waveforms, two transmittance ratios can be calculated. The transmittance of the glass when open ߙ is estimated as the average value of the waveform in a one-display-frame wide rectangular window centered on the peak. The transmittance of the glass when closed ߚ is estimated as the average value of the waveform in the rest of the period. Table 1 gives the values for both glasses.
The glass-dependent crosstalk factor can be identified with ߚ. 
Display Measurements
It can be noticed from the measurements of signal ‫552ܴ0ܮ‬ (Figure 2 left, green waveform) that within the short frame period of the display in 3D mode (120 Hz) the final level of luminance is not reached. Since the gray-to-gray transition from 0 to 255 is known to be one the fastest rising transition on LC displays, it can be expected that the desired level of luminance will not be reached in most of the cases, as previously stated by Shestak et al. [6] and Boher et al. [7] . This can lead to a difference between the desired and actual luminance.
In order to quantify this problem, we measured two sets of signals: ‫0ܴݔܮ‬ and ‫,ݔܴݔܮ‬ with ‫ݔ‬ varying from 0 to 255 with a step of 5. The luminance reached for each view was directly measured on the display, and determined as the average of the luminance in the last third of the display frame period (i.e. when the glasses are open). Figure 4 illustrates these results.
It can be observed a large difference in reached luminance depending on whether the two views were identical or different.
In this example, the difference was up to -20% in the left view and +180% in the right view. It is not clear at this point if this difference is a drawback due to the slow response time of the display or if it is a feature (at display side or at drivers side) to compensate or reduce glass-dependent crosstalk. 
Conclusion: Crosstalk Factors
These first measurements have permitted to highlight two different factors of crosstalk: 1) a glass-dependent factor and 2) a display-dependent factor. The first can be simply measured and estimated for one given pair of goggles. The second one is more subject to caution since it involves inter-view dependency and is then hard to predict. It has to be noted that time average measurements, as those presented in the following, do not permit to differentiate influence from these different factors.
Time Average Measurements
This method follows a similar set-up as illustrated in Figure 1 . Differences reside in 1) the measurement device, and 2) the procedure used during measurements. These points are described below.
The measurements were performed at the three different labs of the authors. Depending on the measurement device used, different distances between the display and the glasses were used. In particular, IRCCyN used an on-screen light-meter while Mid Sweden University (MIUN) and Acreo used distant pointing light-meters. Furthermore, care was taken to make sure that the measurement device meter stayed fixed throughout the different measurements as the luminance of the screen may be position dependent. Care was also taken to make sure that no external light reached the sensor, e.g. from ambient light sources and reflections. The different lab conditions are summarized in Table 2 .
/ M. Barkowsky
Two different displays combined with PC systems equipped with NVIDIA 3D vision (active shutter glasses) have been used in this study and they are:
The measurement method has been proposed for the inter laboratory crosstalk measurements for VQEG's crosstalk experiment, which will be described here.
Stimuli
A specifically written software player for 3D video, able to play uncompressed 3D video, has been used. Video sequences were prepared in native display resolution for each display.
The sequences were stored using a 4:2:2 YUV format, see eg.
[4]. Three different video sequences were prepared. In each sequence and for each given time, the complete screen showed a single color (gray) value. The only exception was a small text area on the upper left corner which showed textual information on the stimulus presented. As only gray values were used, the two color difference components Cb and Cr were set to their neutral value 128.
Each video sequence was preceded with a synchronization sequence of Y=0 followed by Y=255, another Y=0 and Y=255. Each of these four stimuli was displayed for 4 frames at a frame rate of 1/10 th of a second resulting in a presentation time of 40 seconds. In each frame the text "INTRO" was displayed in the upper left corner. This procedure of starting the sequence was used for synchronization of the measurement device and for checking on whether the measurement device reacted fast enough and was stabilized during the measurement cycle. All video sequences are available from the authors. This second luma value of the crosstalking side was chosen in order to stabilize the results for non-zero crosstalk values. The value 80 was chosen arbitrarily. This second value was meant for verification purpose as some display systems include a crosstalk reduction system and thus behave differently in function of the luminance on the second view. A value of Y=80 is sufficiently high to show such effects while not stressing the luminance measurement range when compared to Y=0.
Sequence 3 (SEQ3):
This sequence contained exactly the same sequence as SEQ2 except that the views were exchanged.
Measurement procedure
In the first measurement, no eye-glasses were used. SEQ1 was displayed and the obtained average luminance values from the photometer were stored.
For the following measurements, the eye-glasses were placed in front of the screen and well aligned with the luminance sensor. The measurement of SEQ1 was performed with the sensor looking through the left eye-glass. The same was then performed with SEQ2 as well as SEQ3, after which it was repeated for the right eye-glass.
Crosstalk Factor Calculation
The crosstalk factor was calculated independently for the left and the right eye. For shutter glasses, there are at least two sources of crosstalk. The first source of crosstalk is insufficient shadowing when the eye-glasses are switched to opaque mode. The second source of crosstalk is a temporal mismatch between the image shown on the screen and the opening of the shutter glasses. This also includes the effect that the LCD display might be reacting too slowly to a change in luminance between the two views.
In total, there are three sources of luminance which are captured by the human eye: the luminance which is meant to be shown, the luminance which crosstalks from the other view and the luminance which stems from insufficient insolation of the backlight of the display. The latter is the luminance which can be measured even if the display is showing a signal with Y=0.
Thus, the perceived luminance on the right view is written as:
with ‫ܮ‬ corresponding to the perceived luminance on the right view which is the sum of ‫ܮ‬ ௗ , the desired luminance on the right view, ‫ܮ‬ the crosstalking luminance that originates from the left view, and ‫ܮ‬ which is the background luminance of the display. Obviously, the crosstalk luminance ‫ܮ‬ is a factor of the signal displayed on the other view. The simplest way of modeling is to assume a multiplicative factor for the displayed signal, e.g.
‫ܮ‬
ൌ ‫ܥ‬ • ‫ܮ‬ ௗ with ‫ܥ‬ being the crosstalk factor and ‫ܮ‬ ௗ being the desired luminance on the left view.
The crosstalk factor for the left view ‫ܥ‬ and the right view ‫ܥ‬ can be determined graphically by plotting the results of the measurement described earlier as
In this equation a vector of crosstalk coefficients ‫ܥ‬ is obtained which is calculated from the measurement obtained with SEQ2 and the sensor looking through the right glass for ‫ܯ‬ ௌாொଶ and through the left glass ‫ܯ‬ ௌாொଶ . Each value in this vector corresponds to one measured luma point, e.g. Y=0, 15, …, 255.
Results and Discussion
It has been seen that these crosstalk values are not stable at low luminance levels which might be an artifact due to the noise of the luminance measurement device. In order to also avoid clipping artifacts at the highest luminance values, it should therefore be considered best practice to use the mean value of the crosstalk factor between Y=105 and Y=225. Figure 6 (a-b) presents the crosstalk factors obtained for the stable range of luminance values. The mean values are presented in Table 3 .
It can be observed that the values differ largely between the left and the right eye glasses. The difference between the labs is similar to those. Overall, the measured crosstalk factor is very small, being less than 1% in all cases. The second measurement with the inactive view being Y=80 revealed that this measurement depends strongly on the fact that no further processing in the display drivers, graphics card or display is activated. The results for the measurements on both displays in the three labs are provided in Figure 6 (c-d) .
In contrast with previous results the crosstalk factor depends strongly on the Y-value at which it was measured. At low luminance values, the crosstalk is slightly larger than 1% but negative values are calculated for higher Y-values. In Figure 5 , the cause of these negative values can be noticed clearly as for higher luminance values in the left view, the right view is considerably lowered. This is probably due active crosstalk cancellation in one of the display components, for example the overdrive technology used in the display. This could have a similar effect as was already discussed in Section 2.2 but this time the display seems to be overcompensating the temporal response instead of reacting too slowly to the luminance change.
Conclusions
The main purpose of this study was to define a measurement method which is easily reproducible from one lab to another and which gives results with no significant differences. It can be observed from Table 3 that there are some discrepancies in the results between the different labs but also between the eye glasses. Moreover, the temporal measurement presented in the first part of the paper leads to different results. This may be due to differences in the calibration of measurement devices, as well as in the experiment set-up.
It has been shown that many influence factors need to be considered, starting from the measurement setup and the different measurement devices. It was also seen that the display chain may introduce unpredictable effects and that crosstalk might need to be measured at several different gray levels. Work is still in progress in three different labs to find a suitable experiment set-up that fits any measurement device, in order to minimize inter-lab differences. Crosstalk factor for Samsung Display at Y=80
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